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Abstract 
The current study aims to discover the key factors affecting the photovoltaic performance of poly (3-hexylthiophene) 
(P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) bulk heterojunction solar cells. A low-boiling-point (BP) 
solvent (chloroform, CF) was mixed with a high-BP solvent (1,2,4-trichlorobenzene, TCB) to dissolve the 
P3HT:PCBM blends. Moreover, the volume fraction of CF in the CF:TCB co-solvents was varied to fabricate 
blending films with different microstructures. The results indicate that the disordered P3HT chains enhanced the 
absorbance and improved the p-n interface of the blending films, thus enhancing the output current, voltage, and 
hence, the power conversion efficiency of the solar cells despite the formation of small crystalline P3HT domains that 
limit charge transport. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
Research Institute of Singapore (SERIS) – National University of Singapore (NUS). The PV Asia Pacific 
Conference 2011 was jointly organised by SERIS and the Asian Photovoltaic Industry Association 
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1. Introduction 
Polymer solar cells (PSCs) feature easy and low-temperature processing, flexibility, and easy large-
area fabrication. Thus, PSCs are promising next-generation solar cells. Polymeric thin films can be 
fabricated via solution processes, and different solvent properties can result in various microstructural 
features of thin films. Moreover, as an active layer, thin films have microstructural properties correlated 
with PSC photovoltaic properties. Solvents with different boiling points (BPs) have been demonstrated to 
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produce a variety of microstructures in polymer films, which thus affect PSC performance [1–5]. Polymer 
films made from high-BP solvents have better thin-film structural order, and hence higher crystallinity, 
because polymer chains have more time to self-assemble. The ordered structures in thin films allow easy 
charge transport. Hence, PSCs produce larger photocurrents. In contrast, polymer films grown from low-
BP solvents have lower crystallinity and more amorphous regions which impede charge transport in films. 
This structural property makes charge extraction in PSCs difficult. However, amorphous regions in 
polymer films were also found to be important for efficient exciton dissociation, another key factor for the 
high power conversion efficiency (PCE) of PSCs [6]. To date, some unknown solvent effects on the PSC 
performance still need to be clarified and the optimised microstructural features of an active layer for 
PSCs are still unclear. 
In the current study, poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) were blended as active-layer materials. A high-BP solvent (1,2,4-trichlorobenzene, TCB) and a 
low-BP solvent (chloroform, CF) were mixed into a co-solvent for dissolving P3HT:PCBM. Co-solvents 
with various volume fractions of CF (fc) were used to generate P3HT:PCBM blending films with diverse 
microstructures. The microstructure-dependent photovoltaic properties of P3HT:PCBM PSCs were also 
investigated. Although the P3HT:PCBM film deposited by the co-solvent with a large fc has a lower 
P3HT crystallinity, its corresponding PSC shows a higher PCE. 
2. Experimental 
The PSC devices were fabricated as follows. Precleaned indium tin oxide glass substrates were treated 
using oxygen plasma for 3 minutes at a power of 50 W. Poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) was spin coated on the substrates and baked at 150°C 
for 30 minutes. The P3HT and PCBM (1:1 w/w, 20 mg/ml) were dissolved in CF:TCB co-solvents with 
various fc values. Subsequently, the P3HT:PCBM was spin coated on top of the PEDOT:PSS layer at 
1000 rpm for 30 seconds and then baked at 130°C for 30 minutes. Next, calcium (~10 nm) and aluminium 
(~100 nm) were thermally evaporated on the active layer successively. Finally, the devices were post-
annealed at 150°C for 30 minutes. The electrical characteristics of the PSCs were measured using a solar 
simulator (Newport Corp.) with an AM1.5 filter and a LabVIEW-controlled Keithley 2400 SourceMeter. 
The light intensity was 100 mW/cm2. The fabrication and electrical characteristic measurements were 
performed in a nitrogen-filled glovebox. 
3. Results and discussion 
Figure 1 shows the electrical characteristics of P3HT:PCBM PSCs fabricated using co-solvents with 
different fc values. The observed electrical parameters are listed in Table 1. The short-circuit current 
density (Jsc) and open-circuit voltage (Voc) of PSCs increase with increasing fc values. However, the 
addition of CF into TCB causes a decrease in the fill factor (FF) of PSCs. When fc reaches 100%, the 
PSCs achieve the highest PCE. 
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Table 1. Electrical parameters of various P3HT:PCBM solar 
cells. Jsc: short current, Voc : open voltage, FF: fill factor, 
PCE: power conversion efficiency  
fc[a] Jsc (mA/cm2) Voc (V) FF PCE (%) 
0 -6.80 0.44 0.51 1.53 
0.2 -8.61 0.48 0.46 1.89 
0.5 -8.49 0.49 0.42 1.77 
0.8 -9.46 0.53 0.36 1.73 
1 -10.55 0.59 0.48 2.96 
[a] fc is defined as volume fraction of CF in the co-solvent 
Fig. 1. J-V curves of the P3HT:PCBM solar cells prepared by 
co-solvents with various volume fraction of CF (fc). 
The absorption spectra of P3HT:PCBM blending films are presented in Fig. 2. The film absorbances 
decrease as the fc is reduced (Fig. 2a). This phenomenon implies that PSCs from co-solvents with larger fc
values have higher probabilities of generating larger photocurrents. The peak at about 600 nm rises with 
the decrease of fc (Fig. 2b). The rise of the peak indicates the increase in P3HT crystallinity in films [7]. 
The addition of CF makes the self-assembly time in P3HT insufficient because of the low BP of CF. 
Thus, the P3HT crystallinity in films made from co-solvents with higher fc values is lower. 
Fig. 2. (a) Absorption and (b) Normalised absorption spectra of different P3HT:PCBM blending films made from co-solvents with 
various volume fractions of CF (fc). 
Figure 3 shows the Raman spectra of P3HT:PCBM blending films prepared using co-solvents with 
various fc values. A 532 nm solid-state laser was used as excitation source. Based on the theoretical 
calculations [8], a red shift of the vibrational band at around 1447 cm-1 (symmetric C=C stretching 
vibration in thiophene ring, v1 band) indicates a lengthening in the effective conjugation length (Leff) of 
P3HT chains. On the contrary, a blue shift of the v1 band represents a shortening in the Leff of P3HT 
chains. As listed in Table 2, when fc increases to 100%, the v1 band has a blue shift of up to 2 cm-1. This 
result indicates that CF, as a solvent, is not beneficial for P3HT chains to extend and self-assemble. The 
full width at half maximum (FWHM) of the v1 band is increased with the increase of fc (Table 2). A 
narrower FWHM indicates that the homogeneity of P3HT chain conformations is better, showing an 
evident phase separation between P3HT and PCBM. Although the homogeneity of P3HT chain 
conformations in films from co-solvents with high fc values is lesser, the intermixing of P3HT and PCBM 
in these films is better, thus improving the p-n interface, which is favourable for exciton dissociation. 
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Table 2. Peak position and full-width-at-half-maximum (FWHM) of the v1 band in Raman spectra of various P3HT:PCBM blending 
films. 
fc[a] 
                          Ȝexc [b] = 532 nm 
v1[c] (cm-1)                                       FWHM (cm-1)
0 1447.32 29.31 
0.2 1447.60 29.35 
0.5 1447.26 29.69 
0.8 1447.15 29.82 
1 1449.28 30.5 
[a] fc is the volume fraction of CF in the co-solvent 
[b] Ȝexc is the wavelength of excitation light source 
[c] v1 represents the band of symmetric C=C stretching vibration in thiophene ring 
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Fig. 3. Raman spectra of different P3HT:PCBM blending films from diverse co-solvents. 532 nm laser was used as light source. 
Volume fraction of CF in a co-solvent is (a) 0, (b) 20, (c) 50, (d) 80, and (e) 100%. 
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AFM images of various P3HT:PCBM blending films are shown in Fig. 4. As the fc is increased, the 
phase separation in films becomes unclear, indicating a better intermixing of P3HT and PCBM. This 
result is consistent with that observed in Raman spectra. 
Fig. 4. AFM images of the P3HT:PCBM blending films with various volume fraction of CF (fc). Volume fraction of CF (fc) in a co-
solvent is (a) 0, (b) 20, (c) 50, (d) 80, and (e) 100%. 
The P3HT:PCBM blending films prepared from co-solvents with lesser fc values possess higher P3HT 
crystallinity, which is beneficial for charge transport. However, an evident phase separation in these films 
makes excitons dissociate inefficiently. Therefore, the corresponding PSCs have higher FF but lower Jsc
values. In contrast, the films grown from co-solvents with more fc values have lower crystallinity, which 
is detrimental to charge transport. However, a better intermixing of P3HT and PCBM in these films could 
cause efficient exciton dissociation and generate a larger built-in voltage [6]. Consequently, although the 
corresponding PSCs have lower FF, they generate larger Jsc and Voc values and, thus, higher PCE. 
4. Conclusions 
The co-solvent effects on the microstructural-dependent photovoltaic properties of P3HT:PCBM solar 
cells are investigated. The addition of CF into TCB to produce P3HT:PCBM blending films lowers the 
P3HT crystallinity. With the increasing fc, the structural order of P3HT chains becomes worse. However, 
the intermixing of P3HT and PCBM gets better as the fc is increased. Although the lower P3HT 
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crystallinity would hinder charge transport, the better intermixing of P3HT and PCBM could facilitate the 
exciton dissociation and the generation of larger built-in voltage. The corresponding PSCs could generate 
higher PCE. Consequently, the crystallinity of thin films is not a dominant factor for the photovoltaic 
properties of PSCs. In addition to the crystalline regions, the disordered structures in films must also be 
controlled to achieve the optimal PCE of PSCs. 
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